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ABSTRACT: By combining theoretical modelling, XPS and SERS spectroscopic studies, it has been found that it is possi-
ble to stabilize metallic copper species under oxidizing reaction conditions by adjusting the atomicity of sub-nanometer 
copper clusters. Small Cu5 clusters display low reactivity toward O2 dissociation, being less susceptible to be oxidized than 
larger Cu8 or Cu20 systems. However, in the presence of water this reactivity is strongly enhanced, leading to oxidized Cu5 
clusters. In that case, the interaction of Cu5 with atomic O oxygen is weak, favoring recombination and O2 desorption, 
and suggesting an easier transfer of O atoms to other reactant molecules. In contrast, copper clusters of higher atomicity 
or nanoparticles, like Cu8 or Cu20, are easily oxidized in the presence of O2 leading to very stable and less reactive O at-
oms, impairing a low reactivity and selectivity in many oxidation reactions. Altogether, Cu5 clusters are proposed as 
promising catalyst for catalytic applications where stabilization of metallic copper species is strongly required.  
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INTRODUCTION 
In the last decades, sub-nanometer transition metal 
clusters composed by a few atoms have attracted a great 
deal of attention because of their unique electronic, phys-
ical and chemical properties.1 When the size of metal 
particles decreases to 1 nm or below, the electronic band 
structure of bulk metals changes to a discontinuous struc-
ture consisting of discrete electronic levels. This molecu-
lar-like electronic structure together with the low coordi-
nation and accessibility of all atoms in metal clusters give 
as a result an exceptional catalytic activity for many im-
portant reactions.2 For instance, small Au clusters with 
less than 10 atoms have been identified as the catalytically 
active species in CO, alkane and thiol oxidation reac-
tions,2-6 and in C-C and C-heteroatom bond forming reac-
tions,7 sub-nanometer Pt clusters show enhanced activity 
in oxidative dehydrogenation of alkanes8 and in the oxy-
gen reduction reaction,9 Ag3 clusters supported on Al2O3 
catalyze the epoxidation of propene with O2 with high 
activity and selectivity at low temperature,10 water stabi-
lized Pd3 and Pd4 are highly active catalytic species in 
ligand free C-C cross-coupling reactions,11 and a clear size-
dependent CO oxidation activity has been reported for Pd 
clusters supported on TiO2.
12 The scientific interest in the 
catalytic properties of copper clusters has increased in the 
last years, and some publications have appeared reporting 
improved catalytic performance of sub-nanometer Cu 
clusters in the chemoselective hydrogenation of carbonyl 
and olefin groups,13 in the reduction of CO2 to methanol 
with H2,
14,15 the oxidation of CO with N2O,
16 and in C-C, C-
N, C-O, C-S and C-P bond forming reactions.17  
Copper based catalysts have also been tested in oxida-
tion reactions like CO oxidation and olefin epoxidation 
using molecular oxygen as oxidant, but the main draw-
back usually observed is a fast formation of copper oxides 
under reaction conditions, with the corresponding change 
in the catalytic properties. For instance, it has been re-
ported that metallic copper exhibits a high selectivity to 
the epoxide in the partial oxidation of several olefins, but 
this selectivity drops when the catalyst surface becomes 
oxidized.18-21 Linic et al, taking advantage of the light in-
duced reduction of Cu atoms by photoexcitation of the 
localized surface plasmon resonance of Cu, succeeded in 
the stabilization of metal copper species under operating 
propene epoxidation conditions, improving this way the 
selectivity to propene epoxide from ⁓20 to ⁓50%.21 In the 
case of CO oxidation it has been reported that copper 
catalysts deactivate under reaction conditions,22 and alt-
hough there is not full agreement about the nature of the 
most active copper oxidation state, either metallic cop-
per23,24 or Cu2O,
25,26 it is generally accepted that formation 
of CuO deactivates the catalyst surface.22  
It seems therefore really challenging to control the for-
mation of Cu2O and CuO oxide phases under reaction 
conditions, with the concomitant change in catalytic 
activity and selectivity. In this direction, in view of the 
possibility to tune the chemical properties of metal nano-
particles by adjusting particle size, and bearing in mind 
the completely different chemical and catalytic properties 
of metals in the sub-nanometer regime, one appealing 
approach, not yet reported, would be the possibility to 
stabilize metallic copper species by adjusting the atomici-
 
ty of copper clusters. We recently investigated by means 
of DFT calculations the dissociation of O2 on Cun clusters 
and nanoparticles of increasing size, and a clear reactivity 
trend with cluster atomicity was found: i.e. calculated 
activation energies for O-O bond dissociation increase 
from less than 10 kcal/mol on small copper nanoparticles 
of ~1 nm diameter, to 15-20 kcal/mol on 3D clusters com-
posed by 7-10 atoms, and to more than 40 kcal/mol on 
planar Cun clusters with n ≤ 5.
27 But that study focused 
only on the reactivity towards O2 dissociation, not on the 
reverse process, and the question remains whether there 
is also a trend in the further reducibility of these copper 
clusters composed by a few atoms, which is key to stabi-
lize metallic copper species and to produce efficient and 
long-lasting oxidation catalysts. In this sense, the present 
study focuses on the oxidizability and reducibility of cop-
per clusters of low atomicity (5-20 atoms), where DFT 
results have been linked with experimental data obtained 
with laboratory scale cluster catalysts. 
 
RESULTS AND DISCUSSION 
DFT study. Using the optimized geometries reported 
in our previous DFT study,27 the recombination of oxygen 
atoms adsorbed on the copper clusters to form molecular 
O2 and its subsequent desorption leaving metallic clusters 
have been now analyzed, and the computed Gibbs free 
energies have been used to calculate equilibrium con-
stants and kinetic constants for adsorption, dissociation 
and recombination processes. The optimized structures of 
reactant (Cun – O2), transition state (TS) and product (Cun 
– 2O) of O2 dissociation reaction over Cu5, Cu8 and Cu13 
model clusters27 are depicted in Figure 1 together with the 
corresponding Gibbs free energy profiles.  
The oxidation of metallic clusters by reaction with mo-
lecular O2 could be described by:  
𝐶𝑢𝑛 + 𝑂2  
𝐾𝑎𝑑𝑠
↔   𝐶𝑢𝑛 − 𝑂2  
𝑘𝑑𝑖𝑠 
→   𝐶𝑢𝑛 − 2𝑂    (1) 
Where Kads is the equilibrium constant for O2 adsorp-
tion on the Cun clusters and kdis is the kinetic constant for 
dissociation of the O-O bond in adsorbed O2. They can be 
calculated as 𝐾𝑎𝑑𝑠 = 𝑒
−∆𝐺𝑎𝑑𝑠







spectively, with the Boltzmann constant kB = 1,38065·10
-23 J 
K-1 and the Planck constant h =  6,62607·10-34 J·s. From 
equation (1), the amount of dissociated Cun – 2O species 
will depend on the product Kads ·kdis, whose variation with 
temperature is plotted in Figure 2, as well as that of kdis.  
As suggested by the activation free energy barriers, the 
kinetic kdis constant and therefore the rate of O2 dissocia-
tion increases with temperature and follows the order 
Cu13 > Cu8 > Cu5. But when O2 adsorption is also taken 
into account, the difference between Cu13 and the smaller 
clusters widens, and the rate of oxidation of Cu13 becomes 
twenty orders of magnitude larger, (Figure 2a,b) a differ-
ence that should be clearly observable experimentally. 
In a similar way, the reduction of the oxidized systems 
could be described by: 
𝐶𝑢𝑛 − 2𝑂 
𝑘𝑟𝑒𝑐 
→   𝐶𝑢𝑛 − 𝑂2  
𝐾𝑑𝑒𝑠
↔ 𝐶𝑢𝑛 + 𝑂2 (2) 
Where krec is the kinetic constant for recombination of 
two O atoms into adsorbed O2 and Kdes is the equilibrium 
constant for O2 desorption from the Cun clusters, and 






𝑅𝑇  and 
𝐾𝑑𝑒𝑠 = 𝑒
−∆𝐺𝑑𝑒𝑠
𝑅𝑇 , respectively. Notice that O2 dissociation 
over Cu5 causes a morphological change of the cluster 
from planar to 3D, and as a consequence a different 
pathway exists for the recombination step on Cu5 (purple 
dotted lines in Figure 1b) that involves a lower Gibbs free 
activation energy barrier and produces a less stable ad-
sorbed O2 system. Again, the krec and krec · Kdes calculated 
using the DFT Gibbs free energy values were plotted as a 
function of temperature (Figure 2c,d). While the trend in 
the kinetic constant krec for recombination of two O at-
oms over Cu5 and Cu13 is not too different, when desorp-
tion of the formed O2 molecule leaving the naked cluster 
is taken into account the global process is clearly favored 
on Cu5 cluster, suggesting an easier reduction of the 
smallest copper clusters. 
 
Figure 1. a) Optimized structures of reactant, transition state 
and product (from reference 27) and b) calculated Gibbs free 
energy profile for dissociation of molecular O2 into two ad-
sorbed O atoms over Cu5 (purple), Cu5-3D (purple, dashed 
lines),Cu8 (orange) and Cu13 (red) clusters. 
 
Figure 2. Logarithm of calculated kinetic and equilibrium 
constants for molecular O2 dissociation and atomic O re-
combination as a function of temperature over Cu5 (purple) 
Cu8 (yellow) and Cu13 (red) clusters. a) kinetic constant for 
O2 dissociation, kdis, b) product of equilibrium constant for 
O2 adsorption by kdis, Kads·kdis, c) kinetic constant for recom-
bination of two O atoms forming adsorbed O2, krec, and d) 
product of equilibrium constant for O2 desorption by krec, 
Kdes·krec. 
Finally, the strength of the interaction between copper 
clusters and atomic oxygen was measured by the interac-
tion energy Gint calculated as:  
∆𝐺𝑖𝑛𝑡  =  𝐺(𝐶𝑢𝑛 − 𝑂) –  𝐺(𝐶𝑢𝑛) –  ½ 𝐺(𝑂2) 
The values obtained, -25,1, -32,1 and -36,1 kcal·mol-1 for 
Cu5, Cu8 and Cu13 clusters respectively, are in line with the 
relative stability of the Cun – 2O systems shown in Figure 
1, and suggest that the O atoms adsorbed on small clus-
ters should be easier to transfer to other molecules than 
those adsorbed on larger three-dimensional copper clus-
ters. Thus, the higher ability of copper clusters of increas-
ing atomicity to be oxidized leading to a relatively stable 
copper oxide compound agrees with the observed catalyt-
ic behavior of conventional copper catalysts. In opposite 
to that behavior, we report high activation barriers for O2 
dissociation and an easier reduction of peroxidized Cu5 
clusters allowing stabilization of metallic copper under 
oxidizing reaction conditions. While the high energetic 
barrier for O2 dissociation could hinder the global oxida-
tion activity of Cu5, the presence of other reactant mole-
cules may modify the energetic profile and, accordingly, 
cluster reactivity.28 For this reason the role of water on O2 
dissociation, which is present in many reactions as a reac-
tant or as a product, has been evaluated and discussed 
below. Now, in order to confirm the trends arising from 
the DFT study, copper clusters of controlled atomicity 
have been synthesized in the laboratory scale and their 
oxidation-reduction behavior evaluated by means of sur-
face sensitive spectroscopic tools. 
Spectroscopic studies. The experimental confirmation 
of reactivity trends in the sub-nanometer regime is not an 
easy task, because it requires the synthesis of clusters 
within a very narrow size distribution and the use of non-
conventional and highly sensitive characterization tech-
niques. Here, three samples of copper clusters composed 
by average cluster sizes of 5 (Cu5), 8 (Cu8), and 20 atoms 
(Cu20), were synthesized electrochemically in the absence 
of stabilizing ligands following a previously reported 
method29,30. The as synthesized clusters were character-
ized by means of UV-VIS and photoluminescence tech-
niques to determine their atomicity (see Figures S1-S3 in 
the Supporting Information). 
Then, the trends in the ability of copper clusters and 
nanoparticles to activate O2 and become oxidized, and to 
release oxygen and become reduced again closing the 
redox cycle were investigated by combining XPS and 
Surface Enhanced Raman Spectroscopy (SERS). XPS was 
used to determine the chemical state of the copper spe-
cies, while SERS provides information about the interac-
tion of copper samples with O2.  Prior to each study the 
Cu5 and Cu8 clusters were pre-activated in N2 at 120°C to 
remove any adsorbed species remaining from the synthet-
ic procedure. The evolution of the Cu 2p3/2 XPS core level 
binding energies (BE) and Cu L3VV Auger electron kinetic 
energies (KE) of the Cu5, Cu8 and Cu20 samples, after hav-
ing been exposed to controlled atmospheres (N2 and O2) 
in a high pressure reactor directly connected to the UHV-
XPS analyzer chamber,  are shown in Figure 3. 
 
Figure 3. XPS study of Cu5 (a-b), Cu8 (c-d) and Cu20 (e-f) 
samples after N2-O2 treatments at different temperatures. 
a,c,e) Cu 2p3/2 XPS peak and b,d,f) CuL3VV Auger peak. 
 
With Cu20 sample, the BE value of 934.3 eV and the Cu 
L3VV Auger peak at 917.5 eV correspond to Cu
2+ ions in a 
CuO like structure. This oxidized state was stable under 
N2 atmosphere up to a temperature of 250°C, and at 300°C 
Cu20 nanoparticles were partially reduced, as revealed by 
the growth of a new XPS component at a BE of 932.8 eV. 
After exposing the sample to molecular O2, the peak at 
932.6 eV decreased again in intensity due to a re-
oxidation of the Cu20 clusters (Figure 3e,f).  
In the case of Cu5 and Cu8 clusters and after pre-
treatment in N2 at 120°C, a similar Cu 2p3/2 BE peak at 
932.7 eV was observed in the XPS spectra (Figure 3a,c), 
but different Cu L3VV Auger kinetic energies were ob-
served for the two systems, i.e. 916.0 eV for Cu5 and 914.2 
eV for Cu8 (Figure 3b,d). After exposing the Cu5 and Cu8 
clusters to N2 and O2 atmospheres, only modifications in 
the Cu L3VV Auger electron kinetic energies (KE) were 
detected, due to the higher sensitivity to chemical envi-
ronment effects of copper Auger peaks as compared to 
core level XPS values.31,32 Indeed, when increasing tem-
perature to 170°C in N2, the Auger peak in the Cu8 sample 
(Figure 3d, gray line) shifts from 914.2 eV to 916.5 eV, a 
value similar to that observed in the Cu5 sample at 120°C 
in N2. At this state, replacing N2 with O2 at a temperature 
of 25°C did not lead to any change in Cu5 nor in Cu8 sam-
ples (red spectra). When temperature rose to 120°C under 
O2 atmosphere (green spectra), the initial Auger peak at 
914.0 eV was partially observed in the Cu5 sample, but it 
evolved again to the 916.0 eV peak with further increase 
of the temperature to 150°C in O2 atmosphere (blue spec-
tra). In the Cu8 sample the 914.2 eV peak was restored at 
120°C (green spectra), and it remained stable even after 
further increasing temperature to 150 and 170°C in the 
presence of O2 (blue and cyan lines, respectively). Assig-
nation of the observed KE values to a precise oxidation 
state of the copper species is difficult due to their anoma-
lous values compared to conventional copper samples. 
This has been associated to initial and final state effects, 
particularly intra-atomic and extra-atomic relaxation 
energies of small clusters. Especially for metallic particles 
in the sub-nanometer range, the extra-atomic relaxation 
energy is strongly dependent on the size of the particle, 
and results in a shift of the KE to lower values at decreas-
ing particle size.33,34 Considering the shift of the Auger 
peak under the different atmospheres and comparing 
with the trends reported in the literature for copper com-
pounds,35-37 we can assign the peak at 914 eV to oxidized 
copper species, and the peak at 916 eV to copper species 
in a metallic state. In that case, the XPS studies would 
indicate a lower ability of Cu5 clusters to interact with 
oxygen as compared to Cu8 clusters, in agreement with 
the above reported DFT results. 
To confirm this behavior, the nature of the Cu-O inter-
action in Cu5 and Cu8 samples under N2 or O2 atmos-
pheres was followed by SERS spectroscopy (Figure 4). To 
assist in the assignment of the bands in the SERS spectra, 
the interaction of O atoms, O2 and H2O molecules, OH 
and OOH groups on Cu5 and Cu8 clusters was modelled 
by means of DFT calculations. The calculated vibrational 
frequencies have been organized according to the chemi-
cal system and the vibrational modes considered, and are 
summarized in Table 1. 
  
Figure 4. SERS spectra of Cu5 (a,b) and Cu8 (c,d) under N2 
flow at increasing temperatures (a,c) and after switching to 
O2 flow at different temperatures (b,d). 
 
Table 1. Calculated vibrational frequencies (in cm-1) 
for selected vibrational modes in the adsorption 
complexes depicted in Figures S4-S7. 
System Vibrational mode  Cu5 Cu8 
Cun + O2 O-O stretching    
 mono 1180 - 1440  
 bridge 1080 - 1260 1040 - 1130 
 h-111 730 - 880 730 - 810 
 Cu-O stretching   
 atomic O 300 - 670 300 - 650 
 molecular O2 220 - 580 240 - 570 
Cun + O2  O-OH stretching   
+ H2O mono 1175 - 
 bridge 780 - 870 780 - 850 
 h-111  730 - 760 690 - 810 
 O-OH bending    
 OOH 1190 - 1300 1160 - 1490 
 Cu-O stretching   
 OOH or OH 330 - 510 340 - 530 
 H2O 240 - 360 220 - 350 
 Cu-OH bending   
 OH 470 - 720 440 - 740 
 
The main Raman bands in the Cu5 sample after N2 
treatment at 120°C (Figure 4a, red line) appear in the 1035-
1370 cm-1 frequency range, and are usually ascribed in the 
literature to different types of ν(O-O) stretching 
modes.38,39 A signal at 270 cm-1 and a small peak at 388 
cm-1, which are in general related to Me-O stretching 
modes associated to atomic oxygen species and/or hy-
droxyl groups40 were also observed. However, all these 
peaks were completely removed at 150°C under N2 atmos-
phere (Figure 4a, blue line). Changing the gas flow from 
N2 to O2 at 25°C (Figure 4b, black line) resulted in the 
appearance of bands at 1045, 1185, 1295, 1335 and 1390 cm-1, 
associated to the O-O bond stretching frequency in O2 
adsorbed in mono-coordinated or bridge conformations, 
and at 270 cm-1 which can be unambiguously ascribed to 
stretching of the Cu-O bond in molecularly adsorbed O2. 
These bands were stable at 80°C, (Figure 4b, green line) 
but increasing the temperature to 120°C under O2 flow 
caused a decrease in the intensity of all signals, which was 
especially visible in the disappearance of the 270 cm-1 
band (Figure 4b, red line). Since XPS data pointed to a 
partial oxidation of the Cu5 clusters at this stage, some O2 
dissociation may occur. In fact, two small Cu-O stretching 
signals at 355 and 650 cm-1, corresponding to atomic O, 
were observed at 80°C (green line in Figure 4b). However, 
complete removal of all bands in the spectrum was ob-
served at 150°C in the presence of O2, indicating a weak 
Cu-O interaction that leads to O2 desorption from the 
metallic Cu5 clusters. In the Raman spectra corresponding 
to Cu8 sample, not only bands at high frequencies (1061, 
1127, 1291 and 1430 cm-1), but also lower frequency peaks 
ranging from 220 cm-1 to 922 cm-1 were observed under N2 
flow at 120ºC and 150ºC (red and blue lines in Figure 4c), 
which indicate the presence of atomic O. These bands 
decreased in intensity under N2 flow at increasing tem-
peratures, but they were not completely removed even at 
170°C (Figure 4c, green line).  By changing the N2 flow to 
O2 flow at 25°C, no change in the SERS spectra could be 
observed (Figure 4d, black line). However, when increas-
ing the temperature to 120°C in the presence of O2 flow, 
new bands in the 250-700 cm-1 frequency range started to 
appear (Figure 4d, red line) which, according to the DFT 
values reported in Table 1, are related to Cu-O stretching 
modes. These bands remained stable at 150°C, and con-
firm the higher stability of oxidized Cu8 clusters as com-
pared to Cu5 clusters, in agreement with DFT and XPS 
results. 
By combining the XPS and SERS data under the differ-
ent atmospheres it is possible to conclude that Cu5 clus-
ters interact weakly with oxygen species, and are easier to 
reduce and more difficult to oxidize than Cu8 sample. On 
the other hand, Cu20 nanoparticles are less reducible, 
while they can be easily re-oxidized at 25°C. This picture 
is in full agreement with the results from the DFT study. 
Role of water. As indicated above, the energy profile 
for O2 dissociation can be modified due to the presence of 
other reactants or solvent molecules. For this reason, the   
possible role of water, which is present or generated in 
many reactions, has been investigated. The interaction of 
fully reduced Cu5 clusters with pure water and with a 
mixture of water and O2 was studied by SERS and XPS, 
and the complete reaction path for O2 dissociation over 
Cu5 clusters in the absence and presence of co-adsorbed 
water was theoretically investigated by means of DFT 
calculations.   
Figure 5 shows the calculated Gibbs free energy profiles 
for dissociation of one molecule of O2 over Cu5 clusters in 
the absence (solid line) and presence (dashed line) of 
water, and the optimized geometries of the structures 
involved in these processes. As previously reported, mo-
lecular O2 adsorbs in a bridge conformation over the most 
stable isomer of Cu5 and dissociates with a high activation 
energy barrier of 40,7 kcal mol-1, yielding a 3D cluster with 
two adsorbed O atoms (see Figure 1). Co-adsorption of a 
water molecule close to O2 on planar Cu5 facilitates the 
rupture of a copper-oxygen bond to produce, through 
transition state 2 with a free energy activation barrier as 
low as 6.0 kcal mol-1, a system in which a hydrogen atom 
stabilizes the now mono-coordinated oxygen. It is easy 
from this point to generate co-adsorbed hydroxyl and 
hydroperoxyl groups (structure 5) in a process that in-
volves a very low activation barrier of 2.7 kcal mol-1. The 
mono-coordinated OOH group tends to form a more 
stable bi-coordinated fragment, thus causing a rear-
rangement of the copper atoms in the cluster which ulti-
mately produces the highly stable structure 7 with an 
activation energy of only 4,3 kcal mol-1. There is not a 
direct pathway for dissociation of the O-O bond in this 
system, but addition of a second water molecule yields 
 
structure 8, with the H2O molecule attached to the Cu 
atom in contact with the OOH ligand. A proton transfer 
from the adsorbed water to the OOH group breaks the O-
O bond and generates intermediate 10 with an activation 
free energy barrier of 10.6 kcal mol-1. Finally, water de-
sorption leaves a Cu5 cluster with two hydroxyl groups 
and one O atom, the three of them adsorbed in concate-
nated edge modes that deform the cluster to a planar 
square capped geometry. As clearly observed in the ener-
gy profile, the rate determining step in the global process 
is the dissociation of the O-O bond in structure 8 through 
transition state 9, with a calculated activation energy of 
only 10.6 kcal mol-1, which is much lower as compared to 
the 40.7 kcal mol-1 obtained in the absence of water. The 
lowering of the barrier by 30 kcal mol-1 when water is 
present increases the calculated rate constant for O2 dis-
sociation kdis by 20 orders of magnitude. So, the presence 
of water in the reaction media would considerably en-
hance the ability of Cu5 clusters to activate molecular O2.  
 
Figure 5. a) Calculated Gibbs free energy profiles for O2 dis-
sociation in the absence (solid lines) and presence (dashed 
and dotted lines) of water over Cu5 clusters and b) optimized 
structures of all species involved in the water-assisted disso-
ciation of O2 over Cu5 cluster. 
To experimentally confirm this finding, the interaction 
of Cu5 clusters in metallic state (after N2 treatment at 
120°C) with pure water and with a mixture of water and 
O2 was studied by SERS and XPS spectroscopies (Figure 
6). As discussed before, only bands associated to molecu-
larly adsorbed O2 were detected in the SERS spectra of 
Cu5 under O2 atmosphere at 25°C (see Figure 4b). In a 
similar experiment in the presence of only water (3wt% 
H2O in N2 flow) at 25°C, no bands were observed (see 
Figure 6c, black line), which demonstrates that Cu5 clus-
ters are not able to activate neither O2 nor H2O separately 
at 25°C. However, in the presence of a mixture of both O2 
and H2O, (3wt% H2O in O2 flow) besides the bands at 255, 
1087 and 1129 cm-1 corresponding to molecular O2 ad-
sorbed in a bridge conformation, several peaks at 399, 
490, 546, 588, 655, 670 and 690 cm-1, are clearly observed 
in Figure 6c, purple line. According to literature and to 
the data presented in Table 1, the peaks between 580 and 
670 cm-1 are associated either to Cu-O stretching modes 
of atomic O or to bending modes of Cu-OH bonds, which 
demonstrate the promoting effect of water in dissociating 
O-O bonds.  
As regards the reducibility of the partially oxidized sys-
tem, it was found that increasing temperature to 120° and 
150°C under N2 atmosphere leads to complete desorption 
of all species, as already observed in previous experi-
ments. Similar behavior could be deduced from the XPS 
spectra. As discussed before, after N2 treatment at 120°C 
Cu5 clusters appear in a metallic state which remains 
stable even after O2 treatment at 25°C (Cu 2p3/2 XPS BE of 
932,7 eV and Cu L3VV KE of 916.0 eV). In the presence of 
3% water in O2 flow a broadening of the Cu L3VV peak 
toward higher KE (914.5 eV) could be observed, indicating 
the formation of oxidized copper species.  
 
Figure 6. a) XPS spectra of fully reduced Cu5 cluster after N2 
treatment at 120°C, followed by subsequent O2 flow at 25°C 
 
and 3%H2O/O2 flow at 25°C. a) Cu 2p3/2 XPS peak and b) 
CuL3VV Auger peak. c) SERS spectra of fully reduced Cu5 
cluster (after N2 treatment at 120°C) exposed to 3% H2O/N2 
flow at 25°C, 3%H2O/O2 flow at 25°C, N2 flow at 120°C and N2 
flow at 150°C. 
In contrast with our finding that Cu5 clusters are not 
able to dissociate H2O in the absence of O2, it has been 
recently shown that Cu clusters generated on a Cu(111) 
surface by means of CO adsorption are very active in 
dissociating water.41  This apparent contradiction is ex-
plained by the different nature of Cu in the study by Eren 
et al., where the clusters are in fact defects associated to 
low-coordinated atoms on a metallic Cu surface, and in 
the present work, where isolated Cu5 clusters dispersed 
on an inert support are investigated. Comparison of these 
two sets of results confirms the key role of the electronic 
structure of metal clusters of low atomicity in determin-
ing their catalytic properties.  
 
CONCLUSIONS 
According to the theoretical and experimental studies 
shown above, it seems possible to stabilize metallic cop-
per clusters under oxidizing reaction conditions by ad-
justing the atomicity of the copper cluster. In that way, 
Cu5 have shown low reactivity toward oxygen dissocia-
tion, being less susceptible to be oxidized. Thus Cu5 clus-
ters can be considered as very promising candidates for 
catalytic applications where stabilization of metallic cop-
per species is strongly required. This is very appealing for 
practical applications in many oxidation reactions, like 
CO and CO2 oxidation, cyclohexane and alkane oxidation, 
alcohol oxidation, propene epoxidation, etc., where cop-
per overoxidation has been reported as responsible of 
their poor catalytic behavior. However the high activation 
energy required for oxygen activation on Cu5 clusters 
could be detrimental for their catalytic performance. 
Fortunately, this can be overcome in the presence of wa-
ter. Indeed, both theoretical and experimental data have 
shown that the reactivity of Cu5 toward oxygen dissocia-
tion is strongly enhanced in the presence of water. The 
interaction of the resultant oxygen species with the cop-
per cluster is weak, favoring oxygen recombination and 
O2 desorption as well as a high reactivity of O atomic 
species with other reactant molecules. Altogether situate 
Cu5 clusters as very promising catalysts for catalytic appli-
cations where oxidation of copper species has to be 
avoided. In contrast, copper clusters of higher atomicity, 
as for instance Cu20, are highly susceptible to be oxidized 
in the presence of oxygen. The formed oxygen atoms are 
very stable resulting in a deep oxidation of the copper 
catalyst with the corresponding change in catalytic activi-
ty and selectivity.  
 
EXPERIMENTAL SECTION 
Electrochemical synthesis of copper clusters. Cop-
per clusters were synthesized by an electrochemical pro-
cedure based on a modification of Reetz´s method.42 In 
opposite to the synthesis procedure previously reported 
by Quintela et al.,29,30 ammonium salts were not used in 
our synthesis procedure. The synthesis was performed in 
a three electrode home-made electrochemical cell, work-
ing at room temperature and at 20 mA·cm-2. Potassium 
nitrate (Sigma-Aldrich 99,0%) aqueous solution (0,1 M) 
was used as supporting electrolyte. A copper sheet (Good-
fellow 99,9%) of 2 cm2 was used as anode, while a plati-
num sheet (Goodfellow 99,95%) of the same size was 
used as cathode. As a reference electrode an Ag/AgCl 
system was employed. Both, the working electrode and de 
counter electrode were carefully cleaned before every 
synthesis. 
During the electrochemical synthesis of copper clusters, 
the cell was maintained under nitrogen atmosphere and 
magnetic stirring. The obtained suspensions are com-
posed of a brown solid and a colorless supernatant. The 
suspensions were purified by centrifugation (8000 rpm, 15 
min) in order to separate the solid from the supernatant. 
Removing the supernatant, the solid was centrifuged 
again after dispersing in water (3x8000 rpm, 10 min) to 
eliminate the nitrate excess and the copper ions generat-
ed in the last stage of the synthesis. Finally, the obtained 
precipitate was re-dispersed in water and filtrated with a 
0,45 μm membrane to isolate Cu5 clusters. Cu8 clusters 
were obtained starting from the Cu5 solution, heating at 
150 °C in a reflux system under N2 atmosphere during 6h. 
Clusters of bigger size (Cu20) were obtained after evapora-
tion Cu5 solution and subsequent re-dispersion in isopro-
panol. The concentration of the Cu5 solution, determined 
by ICP, is c.a. 1 ppm. The atomicity of the copper clusters 
was determined according to UV-VIS and photolumines-
cence spectra. 
Characterization methods. 
 Absorption spectra (200-800 nm) were performed us-
ing a Varian UV0811M209 spectrometer. The samples 
were placed in a 1 cm x 1 cm x 3 cm quartz cuvette, and 
the spectra acquired at 25°C.  
Photoluminescence spectra (200-600 nm) were collect-
ed at room temperature using a Photon Technology In-
ternational LP S-220B spectrometer and working with the 
same cuvettes as used in the adsorption studies.  
XPS measurements. Photoelectron spectra were record-
ed using a SPECS spectrometer equipped with a 150MCD-
9 Phoibos detector and using a MgK (1253.6 eV) X-ray 
source. Spectra were recorded at -175°C and at 25°C, at 
grazing incident conditions (phi 5°), using an X-ray power 
of 50 W, an analyzer pass energy of 30 eV, and under an 
operating pressure of 10-9 mbar. Samples for XPS were 
prepared leaving a drop of the solution containing the 
clusters onto a quartz plate on which a N-doped graphene 
film was grown, fixed on a Mo sample holder, and by 
slowly evaporating the solvent in vacuum in the load lock 
of the XPS equipment. The growing of the N-doped gra-
phene film onto the quartz plate was done according to 
ref. 43, and the choice of this material is based on a previ-
ous study6 where the presence of N atoms in the organic 
support allows cluster stabilization. The chemical behav-
ior of the clusters after having been exposed to controlled 
 
atmospheres was studied in a reactor directly connected 
to the XPS equipment. After sample treatment at different 
gas flows, the samples were evacuated and directly trans-
ferred to the XPS analyzer chamber under vacuum. Under 
the working conditions no volatile Mo species are formed. 
Spectra treatment was performed using the CASA soft-
ware. 
Raman studies. Raman spectra were recorded with a 514 
laser excitation on a Renishaw Raman spectrometer “In 
via” equipped with a CCD detector. The laser power on 
the sample was 15 mW and a total of 10 acquisitions were 
taken for each spectra. Due to the low intensity of the 
Raman signal as consequence of the low concentration of 
active species, spectra were acquired under SERS condi-
tions (Surface Enhanced Raman Scaterring) using SERS 
“Randa” substrates supplied by AToID. SERS provides the 
same information traditionally provided by Raman spec-
troscopy, but with a significantly enhanced signal (of up 
to 104-106). It has been shown to be a very powerful tech-
nique in materials research due to its extremely high 
sensitivity permitting studies at very low surface cover-
age.40 For analyzing the evolution of active species under 
controlled atmospheres, a commercial catalytic cell 
(http://www.linkam.co.uk/) was used allowing sample 
treatment at different temperatures and under different 
reactant flows, at a gas pressure of 1 atm. Raman data 
have only been used in a qualitative mode to identify 
species present, since quantification is not possible.  
 
Computational details. All calculations in this work 
are based on density functional theory (DFT) and were 
carried out using the Gaussian 09 program package.44 The 
hybrid B3PW91 functional, which combines the PW91 
correlation functional by Perdew and Wang with the 
Becke’s hybrid three-parameter exchange functional was 
employed.45-47 Based on our previous study of copper 
clusters,27 the Def2TZVP basis set, which constitutes a 
reformulation of the split-valence triple zeta basis set 
(TZVP) from Ahlrichs and co-workers,48,49 was used for 
Cu atoms, while the standard 6-311+G(d,p) basis set by 
Pople  was employed for O, C and H atoms.50  
All structures involved in O2 adsorption and dissocia-
tion in the absence of water were taken from ref. 27, while 
most of those used to assist in the assignment of Raman 
bands as well as those involved in the water-assisted 
mechanism were obtained in this work. In all cases, the 
positions of all atoms in the system were fully optimized 
without any restriction, and all stationary points were 
characterized by pertinent frequency analysis calcula-
tions. The frequencies obtained for all minima were fur-
ther corrected with a scaling factor of 0.9656, as suggest-
ed by Andrade et al.51. Transition states were determined 
through potential energy surface (PES) scans along with 
the subsequent optimizations and vibrational frequency 
calculations. Atomic charges and molecular orbital distri-
butions were calculated using the natural bond order 
(NBO) approach.52  
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